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A study of RF vacuum breakdown initiation in the framework of anodic model is con-
sidered. The model is founded on gas ionization in the vicinity of electrode bombarded
by field-emitted electrons. The electrons induce gas desorption and give rise to primary
ionization. The secondary ions and fast neutrals play the major role in RF breakdown
initiation. Being accelerated by RF electric field, they produce cumulative ionization of
desorbed gas. The breakdown electric field as a function of frequency and electron beam
parameters is calculated. The pre-breakdown electron beam current is consistent by the
order of magnitude with the experimental data. The model is in agreement with basic
charact~ristics of RF breakdown. A relation between the frequency and lower field
boundary below which the breakdown does not occur is presented.
Keywords: Cumulative ionization; Electric breakdown; Field-electron emission;
RF discharge; Vacuum
1 INTRODUCTION
At RF electric field much lower than the breakdown field a conduc-
tivity of vacuum gap differs from zero due to dark electron currents
and sparks. Intensity of dark currents' and sparking sharply grows at
the stage of breakdown initiation. It is accompanied by flashes of
X-ray emission and a fall of resonator resistance. Depending on exter-
nal conditions and surface properties, the process can be either self-
suppressed or it can actuate a mode of short circuit (breakdown),
when the induced current is limited only by discharge power.
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In high quality factor resonators a destroying character of break-
down tends to a strong electrode erosion.t This may~decrease the elec-
tric field at which the breakdown initiates. On the contrary, RF
processing is the effective method of electrode cleaning to increase the
breakdown field. Therefore, a study of the initial stage of breakdown
is of most practical interest. This is rather important both for a choice
of accelerating field gradient and for a definition of a mode of RF
processing, being rather tedious procedure.
Most of RF accelerators operate in the meter and decimeter wave
band. The models of RF breakdown, offered by various authors in
this wave band,l can be classified corresponding to the mechanisms of
breakdown initiation as follows:
• cathodic model:j: according to which the RF breakdown occurs
when the microprotrusion at the cathode emits field-emitted current
high enough for self-vaporization;
• exchange model, based on avalanche mutual secondary emission of
ions, electrons, and photons between electrodes;
• anodic model, connected with avalanche ionization in the vicinity
of the anode due to its electron bombardment.
Significant irregularity of physical and chemical properties of the
surface, and variety of involved processes objectively stipulate a
number of factors which may lead to the breakdown.2 One may sug-
gest that there is no unequivocal mechanism of RF breakdown. The
probability of the particular mechanism realization can be determined
by the conformity to the experimentally observed phenomena. The
following ones have most universal character in the considering wave
band:
(1) Dark current. Probe3 and X-ray4 measurements show the pres-
ence of electron current in the accelerating gap, and the maximum
electron energy corresponds to the amplitude of applied voltage.
Directly before the breakdown, the intensity of electron current sharply
increases. It testifies the decisive role of electrons in the origin of
t Here electrodes are the parts of accelerating structure subjected to maximum elec-
tric field, e.g., ends of drift tubes.
:j: Under RF electric field, an electrode's role as cathode or anode reverses every half-
cycle. In what follows an electrode bombarded by electron beam refers to as by anode;
the opposite electrode from which the electron beam is emitted refers to as by cathode.
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breakdown. 5 The value of pre-breakdown current has been indicated
only in few experiments. It can amount to several dozens mA.6- 8
The source of emitted electrons may be of various nature.2,9 The
most probable one is the field electron emission from the micro-
protrusion having the low electronic work function <P or high field
enhancement factor f..L. The average field-emitted current density ic at
the cathode can be calculated from the Fauler-Nordheim equation
converted to the RF case: 10
where ic is in A/cm2 , <P is in eV, Es is maximum surface electric field
in Vim.
(2) Sparking. Sparks arise just near the electrode surface. They are
microflashes less than I mm in size, being good visible in optical range.
Several flashes can be arisen simultaneously. Sparking is always accom-
panied by dark current. During the RF processing the sparking rate
decreases by many orders of magnitude, while the dark current at the
same electric field varies slightly. 11
(3) Electric field configuration. The breakdown develops in the
regions of maximum surface electric field. Basically Es quantitatively
determines the electric stability in accelerating gaps of various config-
uration. In the case of large gaps, breakdown surface field Ebr weakly
depends on the gap length g; however, for very small gap length (about
several mm) a law of "complete voltage" is valid, i.e., the breakdown
field increases with reduction of a gap length.8
(4) Influence of frequency. The breakdown electric field increases
with the growth of the frequency f This fact has a certain experimental
confirmation, and the majority of scalings for the choice of break-
down field limit Ebr includes this relationship. The most common
scaling is the approximation of Kilpatrick criterion: 12
(2)
where f is in Hz, Ebr is in V1m.
(5) Effect of magnetic field. A weak magnetic field, for instance, a
field of quadrupole magnetic lenses, has weak influence on RF
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breakdown initiation. A solenoidal field, which lines of force approxi-
mately coincide with electric field vectors, can reduce the breakdown
field; moreover, this magnetic field enforces the destructive character
of breakdown. 13 Recent experiments14 have confirmed the reduction
of breakdown electric field by implying the longitudinal magnetic
field formed by two solenoids. However, if solenoids are put in anti-
parallel forming a magnetic field of mirror configuration, the radial
(transverse) component of the field in the accelerating gap is reason-
ably great. This radial magnetic field can strongly deflect the electron
beam. The increase of breakdown electric field up to 50% in compar-
ison with non-magnetic field operation has been achieved. 14
(6) Electrodefinishing. Pollution of various nature (oil from pumps,
cesium from the ion source, .technological contamination) affects the
breakdown field. 4,8 The breakdown field for copper electrodes depends
on the sort of copper and is maximum for OFHC copper. 8,16
(7) Influence of pulse duration. The breakdown field weakly grows
with RF pulse duration 7:8
where the power factor A varies from -0.1 to -0.25. 5,8
Exchange models of breakdown can hardly explain some above-
mentioned phenomena. It can occur only in very narrow band of
operation parameters,17 since the exchange processes should be rather
sensitive to the configuration of magnetic field and amplitude of
applied voltage.
A probability of breakdown development by cathodic or anodic
mechanism depends strongly on the electric field gradient and RF
frequency. The cathodic mechanism should be insensitive to the gap
distance. Thus one may conclude that in the meter wave band at
practical fields and in the decimeter wave band at relatively low fields
the anodic mechanism is dominated; in this case, the relationship
between the breakdown field and the gap is confirmed by a number
of experiments.8
However, calculations in the framework of anodic model of RF
breakdown have not demonstrated a good agreement with experi-
mental data. 1 In many respects the reason is that the basic mecha-
nism of gas arising is assumed to be a vaporization of anode material
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by electron beam heating. Apparently this is caused by correlation with
similar works on dc breakdown, where the given mechanism is con-
sidered as the main one under the condition of preliminary electrode
degassing. The evaluations in such manner can only give the upper
limit of breakdown field for ideal electrodes.
But from the viewpoint of surface quality, elements of RF accel-
erator are far from ideal ones. Due to the usage of vacuum seals and
coolers of low temperature stability, their heating up to degassing
temperatures is practically excluded. There is evidence that pores and
pockets at the non-degassed surface can accumulate a great quantity
of gas.9 Moreover, the electrodes (made from copper because of its
small specific resistance and adaptability to manufacture) are always
covered by oxide fil~, which' is formed practically instantly in com-
parison with characteristic time of a technological cycle of accelerator
manufacturing. The thickness of the oxide film is about several tens
of nm, and the energy of electron should be about a few dozens of keV
to pass through the film. An intense electron bombardment may cause
the dissociation of the oxygen film and gas diffusion from a volume.
At long pulses it may also come about thermal desorption of dissolved
impurities through the subsurface heating. The released gas may feed
the RF discharge near the anode.
2 FORMATION OF IONIZED MEDIUM
2.1 Thermal Processes at the Anode
The diffusion coefficient D of dissolved gas strongly depends on the
temperature T(Drv exp(-CD/T)), where CD is a constant,15 and sub-
stantial degassing takes place at the surface temperature close to the
melting point. To determine a thermal regime of anode bombarded by
electron beam, let us analyze a one-dimensional equation of heat con-
duction (z axis directed normally and inward to the surface):
(3)
where p is specific gravity, C is specific heat, At is thermal conduc-
tivity, q is the electron charge, Je is the electron beam current, w(z) is
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the stopping power of electron. At the typical electron beam energy
(hundreds of keY) an electron range in copper de is much more than
a diffusion length of thermal field dt == JTAt/pc. At pulse duration T
of several hundred JlS it is possible to neglect the diffusion terms in
Eq. (3) and to express the temperature on the anode surface Ts as
_ ~ _ JeTW(Z)
Ts °- S'qpc
(4)
where S is the cross-section of electron beam on the anode, To is the
initial temperature. The pulse duration of electron beam Th at which
the surface temperature reaches the melting point Tf can be evaluated
from Eq. (4) as
(Tf - To)qpcS
Th ~ Jew(z) .... (5)
At typical parameters of electron beam Je == 10 rnA and S == 0.5 mm2
Th exceeds 100 JlS which is the typical pulse duration for the majority
of RF accelerators operating in the meter wave band. It was reported
in Ref. [8] that the temperature measured at the region of sparking
("glow spots") had been as high as 500 K. Besides, if the breakdown
is caused by thermal processes, the breakdown field should be very
sensitive to the pulse duration. As a first approximation, one can neglect
exponential term in the modified Fauler-Nordheim equation (1) and
scale it as ic rv E;,5. Then according to (4) Ebr rv Es rv T;O.4. As it was
mentioned above, such dependence has not been indicated in experi-
ments; moreover, the probability of breakdown differs from zero just
after several JlS upon RF power delivery.
2.2 Desorption Stimulated by Charged Particle Impact
The gradient of oxygen concentration in the oxide film is directed in-
ward from a surface; hence the dissolved gas is blocked. The temper-
ature of copper oxide dissociation is as high as 1150 K. 15 If thermal
processes can be neglected, the basic mechanism of gas release is the
desorption caused by particle impact, i.e., the electron-stimulated de-
sorption (ESD) and ion-stimulated desorption (ISD).
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The typical energy of impacting electrons corresponds to the ampli-
tude of applied voltage (hundreds of keV), the energy of ions is much
less and can vary from hundreds of eV (for heavy ions) up to several
dozens of keV (for light ions). I
At the electron bombardment excited and ionized particles capable
of reacting with surrounding medium are generated, so ESD is char-
acterized by a variety of desorbed substances. Ions and neutrals of
hydrogen H2, carbon monoxide CO ·and dioxide CO2, water vapor,
methane CH4, and oxygen O2 are basically released. I8 The greatest
yield and wide spectrum of desorbed substances should be expected
at oil pumping, as far as the thickness of condensed oil film can be as
high as 100 monolayers. I9
ESD kinetics cannot be explained by purely adsorption model. Some
experimental data may bring to the conclusion that the mechanism of
ESD is the dissociation of oxide film and gas diffusion from a volume
to a surface. The range of electron and, in a smaller degree, the stop-
ping power depend on the electron energy, and processes of ESD at
low and high energy are different.
At low electron energy We (several hundreds of eV) the kinetic
energy transmitted to the atom 8W~4Wem/Ma,where m and M a are
the mass of electron and atom, respectively, is very small « 0.1 eV).
Thus an electron impact cannot cause desorption of chemisorbed
particles. However, an electron is able to induce ionization or excita-
tion of adsorbed atoms.
A general conclusion from studies on quantitative characteristics
of ESD reported in Ref. [18] is as follows: at low electron energy the
yield of ESD (measured in released particles per electron) ranges from
10-2 to 10-7, and the maximum yield is observed at the energy of
100-300 eV, which corresponds to a maximum cross section of inelas-
tic interaction; after the maximum the yield reduces. However, the
results of ESD yield at low energy are rather inconsistent. In a number
of experiments18 the ESD yield smoothly grows without any extremum
up to the energy of 400eV. I
But at high electron energy the efficiency of desorption in technical
vacuum is very high. Up to now there is neither theoretical model of
this process nor even well-defined pattern of desorption. At high
energy the kinetic energy transmitted from the electron to atom is
capable to induce a displacement of adsorbed particles and atoms of
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a crystal lattice. The oxide film or pores, pockets,9 and other defects
of subsurface structure, having size much less than the beam radius
Rb , may be the source of gas. The contemporary understanding of the
problem is limited by few scattered experimental studies. They are as
follows.
In Ref. [20] the ESD yield of 2.1-3 was obtained at the electron
energy of 10 keY, the velocity of desorbed molecules was in 400-
500m/s range. This corresponds to the mass number of 44 (C02)-28
(CO) at room temperature. As far as electron beam pulse was solitary
and short (Te < 100 Jls) with calorific energy of several J, desorption
cannot be associated with anode heating. The high ESD yield was
observed at the electron energy of 75 keV. 19 The ESD yield from anode
was equal to 2.5, while the yield from cathode at much higher temper-
ature did not exceed 0.6-0.8. It once again testifies an insignificant
role of thermal processes at ESD. In Ref. [21] the energy of electrons
ranged from 100 to 220 keY. The amount of desorbed gas was in pro-
portion with the electron beam charge carried to the collector. The
temperature of irradiated surface grew not more than by several dozen
degrees. The ESD yield varied from 7.2 to 12.5. The average velocity
of desorbed gas was as high as 690 mis, that is equal to the mass num-
ber of 13 (in the assumption that the gas had room temperature). In
Ref. [22] the ESD yield from various materials (copper, molybdenum,
stainless steel, titanium) at the electron energy of several ten keV was
as high as 10. Even after partial degassing up to 600 K and subsequent
holding in high vacuum the total yield of ESD from OFHC copper
was as high as 2 at the electron energy of 1.2keV.23
The ion stimulated desorption has not been also studied in details.
In most cases investigations were conducted on the thermonuclear fu-
sion program with appropriate materials and types of ions. The data
of ISD are reasonably inconsistent, and at the ion energy of about
several keV the ISD yield varies from 10 to less than 1.24 In contrast
to ESD, the gas is released in atomic state at ISD. As a whole, the
ISD coefficient is higher than the sputtering coefficient of substrate
material.
Hence the basic mechanism of gas desorption at the initial stage of
RF breakdown is ESD. The yield of gas K des is in proportion with
the beam current Je . Since the probability of molecule escape is in
proportion to the cosine of angle 0 between a normal to the surface
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and a direction of escape,25 one can evaluate the density im of mono-
energetic molecules, desorbed from the circle unit-area 21fT dr, in the
center of beam spot as
. ( ) _ 2iAK des r cos () d
1m r - (2 2) r,z +r (6)
where z is the distance to the anode z outward the surface, iA is the
electron beam density on the anode. Assuming that the beam density
iA is uniform (iA == Je/1rR~), the gas concentration at the distance z
in the center of beam spot can be obtained by
(7)
where Rb is the radius of electron beam, F(V) is the distribution func-
tion of gas by velocity V. If F(V) obeys the Maxwellian law, then
Eq. (7) can be written as follows:
(8)
where Vrms is the rms velocity of gas molecules. In the vicinity of the
anode (z« Rb) the gas concentration is as high as 4.1015 cm-3 at
typical parameters K des of 10, Rb of 0.4 mm, Vrms of 690 m/s21 and Je of
lOrnA. The establishment of stationary distribution occurs in a time
of about Rb/Vrms ,20 being in the order of 1 f.lS.
2.3 Primary and Secondary Ionization Processes
Field-emitted electrons, inducing gas desorption, give also rise to pri-
mary ionization of the gas. Since the ionization cross-section by electron
with the energy of hundreds ofkeV is as low as 10-2o_10-21cm2,26 a
slightly ionized medium (105-107 cm-3) is formed, and its spatial dis-
tribution resembles the distribution of desorbed gas. The secondary
electrons give greater but still low contribution to ionization. An
essential disturbance of electric field in the accelerating gap due to
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these processes does not occur, and electrons for a time less than
half-period of RF oscillation are carried out on the anode.
Let us consider the behavior of secondary ions. One can write the
collisionless equation of their motion since the frequency of elastic and
inelastic collisions is much less than RF frequency:
(9)
where M is the mass of ion, w == 21rf is the angular frequency. The first
integration gives the ion velocity
qEO ( . . A.)V == - Slnwt - sIn If' .
Mw
Upon the second integration one can obtain the ion position
qEO qEO ( ¢).z == Zo +--(cos¢ - coswt) - - t - - sln¢.
Mw 2 Mw w
(10)
(11 )
At the electric field Eo and angular frequency w typical for accel-
erators the maximum energy of ions ranges from hundreds of eV to
dozens of keY, that is much less than the total energy which can be
got in the accelerating cell. The amplitude of ion oscillation for a pe-
riod varies from a fractions of mm to a few mm that is much less than
the gap length. The total ion path per period depends on the phase
of RF field and can be much more than its displacement for a pe-
riod. At ¢ == 0 the displacement is equal to zero.
During the movement in the region of high local concentration of
desorbed neutral colecules AO the accelerated ion molecules A + come
into ionization
and charge-exchange reactions
,,'hich cross-sections are higher by several orders of magnitude than
the ionization cross-section by electron impact. For example, th~
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cross-section of molecular oxygen ionization by ion impact ai in the
range of energy from 1 to 10 keY varies from 10- 16 to 10-15 cm2,27,28
while cross-section of charge-exchange a ex varies from 3.10-15 to
2.10-15 cm2.29 Fast neutral molecule A? is also able to ionize the gas,
and the cross-section of the process is close to ai. 27 The cross-sections
for CO2 and CO are similar.
Figure 1 displays the calculated RF field Eeq corresponding to the
equiprobable rate of ionization by secondary electrons and ions (neu-
trals) during a period of RF oscillation. An initial phase of particles
is equal to zero. The accuracy of data is about 20% since Eeq also de-
pends on the initial phase. At E> Eeq most ionizations are due to ion
(neutral) impact, and at E < Eeq electrons predominantly ionize the
gas. For RF accelerators, the condition E» Eeq is valid. Thus the main
role in cumulative ionization observed at the breakdown is of second-







FIGURE 1 Electric field Eeq, corresponding to the equiprobable rate of ionization by
secondary electrons and ions (neutrals), as a function of frequency.
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of RF breakdown just by their behavior. There are other channels of
ionization and gas release which can prevail late at the breakdown
development. However, at initiation stage they are less effective and
will not be accepted in account in further reasoning.
3 SIMULATION OF BREAKDOWN INITIATION
The function describing generation of ions and neutrals by inelastic
processes is heavily non-homogeneous in space and in time. It is also
necessary to take into account the reallocation of particles in phase
space. For this reason it is appropriate to apply the Monte-Carlo
method for simulation of the movement and inelastic collisions of
particles. The one-dimensional code was used. The legitimacy for it is
due to the following: the time-averaged frequency of elastic collisions
is less than the frequency of inelastic collisions; the transverse velocity
gained in inelastic processes is much less in average than the longitu-
dinal velocity of ions.
As it was noted above, the composition of desorbed gas has not
been correctly measured. In' order to simplify a code, it was adopted
that the desorbed gas consists of O2 only. According to Ref. [27], the
ionization cross-section O"i ~ N~v3Ui3.5M-1.5, where Ui is the poten-
tial of ionization, v is the particle velocity, N e is the number of electrons
at the outer shell. Since v rv M-1, the rate of ionization Vi rv O"i V rv
N~Ui3.5M-4.5 . A comparison between rates of ionization for CO2,
02, and CO shows that VC02 -;- V02 -;- vco == 0.63 -;- 0.92 -;- 1. Hence the
possible error resulted from such simplification is even less than the
dispersion of the cross-section values obtained by various authors. 27
Some assumptions were accepted:
(1) The space distribution of gas is stationary;
(2) The distribution of electron beam on the anode is uniform;
(3) Effects connected with the final value of energy stored in the
resonator are neglected, i.e., it was assumed that the resonator
has infinite high quality factor;
(4) Space charge effects are ignored;
(5) The surface electric field Es on the anode and cathode is identical.
The modeling was conducted by trial particles. As it was noted above,
some parameters need refinements (for instance, the composition and
AN ORIGIN OF RF BREAKDOWN IN VACUUM 201
rms velocity of released gas), or they can vary over a wide range, e.g.,
the ·electronic work function <I> or field enhancement factor J-l in modi-
fied Fauler-Nordheim equation (1). To put the results into more
universal form, the desorbed gas was characterized by generalized
parameter ~ ==- JeKdes/q Vrms ' It may serve as a measure of surface
quality: Je determines cathode surface finishing from the standpoint
of field-electron emission, Kdes/eVrms specifies the anode capability
for gassing. The electron beam radius on the anode was estimated as
Rb ==- Vifi,2 where h is the height of microprotrusion on the cathode
measuring about 1 Jlm in the current state of art in electrode finishing.
Generally speaking, the ESD yield should depend on electron beam
energy. However, measurements of this dependence have not been
carried out. But apparently the ESD yield is determined by stopping
power w(z) which weakly depends on electron energy since 200keV. 3o
Because of this, K des was kept constant.
In the subroutine trial particles, simulating singly ionized molecules,
were generated. From the physical point of view it describes the pri-
mary ionization of desorbed gas by electron impact. Spatial and phase
distribution of primary particles was determined by the probability of
electron impact ionization and was described by the function
P( ) ==- Nn(z)j(t)z, t T'
Jooo n(z) dz Jo j(t) dt
(12)
where N is the number of trial particles; n(z) is the desorbed gas
concentration; jet) is the instant density of field-emitted current:2
(13)
where k l and k2 are coefficients which depend on the electronic work
function <I> and field enhancement factor J-l.
In view of Eq. (8) and time t dependence of phase ¢, one can
derive Eq. (12) as follows:
N cos2 ¢exp(-k2/ E s cos ¢)(1 - z/ j z2 + R~)
P(z, ¢) ==- 2 . (14)
Rb Jo 7r cos2 ¢ exp(-k2 / Es cos ¢) d¢
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The exponential coefficient k2 was taken as high as 1.7· 107. 12 Pre-
liminary testing of the program and statistical account of results have
shown that already at 500 primary particles the dispersion of numer-
ical results is satisfied.
The motion of primary particles was simulated, and inelastic pro-
cesses were raffled by the method of statistical tests. This leads to
generation of secondary particles, simulating fast molecules, ions, and
electrons. The initial position and time of birth of secondary particles
were stored. A history of particle was terminated at the departure of
the particle on the anode, at the removal from anode for a distance
equal to 3Rb , or at the overrun of the account time (which was typ-
ically equal to 10-20 RF periods). The last 2 conditions were based on
primary tests. After completion of histories of primary particles sec-
ondary particles entered in the main routine. Initial coordinates and
phases of secondary particles corresponded to the coordinates and
time of their birth. The process was repeated till completion of his-
tories of all particles.
Statistics of generated particles, particles incident on the anode, and
particles escaped to the cathode were calculated. In the energy range
up to 6 keY charge-exchange cross-section is more than ionization
cross-section. But ion free path until charge exchange is more than the
ion displacement for a period, therefore, the ion has time to gain energy
for effective ionization. Most ionizations are executed by ions at the
high electric field, but a quantity of ionizations due to neutral particle
impact increases with the reduction of the electric field. Figure 2
shows the relative 'rate of ionization by secondary particles. The ioni-
zation is mostly due to fast neutral impact at low Eo/! ratio, but the
contribution of ions increases with Eo/! ratio. At the range of E and
! typical for RF accelerators, the ionization by secondary electrons is
insufficient.
After several oscillations the distribution of secondary ions by
phases of their birth becomes quite stationary. This is illustrated in
Figure 3, which displays the distribution of generated primary and
secondary particles in the phase plane ¢-z.
Under a certain condition the fast accumulation of ions in
the vicinity of anode occurs. Typical plot of ion density evolution is
shown in Figure 4. In this case, the ion density increases about e
times in ten periods of oscillation.


























FIGURE 2 The relative rate of ionization by electrons ve/V'E, ions Vi/V'E and neutrals
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FIGURE 3 The typical distribution of primary particles (left plot) and generated














FIGURE 4 Ion density evolution at the cumulative ionization. The time T is measlired
in periods of RF oscillation.
According to the given model, the breakdown is initiated if the
increment of ions accumulation becomes positive. The value of Es
corresponding to this case is referred to as breakdown electric field Ebr.
The calculated Ebr as a function of eat different frequencies is given
in Figure 5. The gap length ranges from O.025A to O.125A which is
typical for high-energy part of accelerator.7 At the upper scale the char-
acteristic electron beam current is indicated. The current was calcu-
lated from the value of ~ assuming that Kdes == 10 and Vrms == 690 m/s.21
High value of ~ is due to the field-emitted current or ESD yield
increase. Thus the lower part of the plot (at high ~) may be referred
to the draft electrode finishing. The sharp increase of Ebr at low ~
may be referred to the precise electrode finishing. The calculated pre-
breakdown current at high fields is close by the order of magnitude
to the experimental data (several dozens of rnA).
12 1684o12 1684o
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FIGURE 5 The calculated Ebr as the function of parameter ~. The characteristic
electron beam current Je , electron beam radius Rb and frequency f are indicated in
plots.
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4 EVOLUTION OF DISCHARGE
Being initiated, a RF discharge can be either self-suppressed at the
early stage or can be picked up to the mode of short circuit. This
depends on the surface history and operation conditions. Two basic
factors should be taken into account, viz., a variation of field-emission
current and capability of anode to accumulate gas. The field-emitted
current required for RF breakdown initiation is not large, and it may
not cause a significant erosion of cathode microprotrusion. Hence a
geometry of the microprotrusion and its emission capability is likely to
remain stable during RF breakdown development. As for the second
factor, the rate of gas desorption is high, and gas losses in the sub-
surface layer capnot be compensated by gas diffusion from the elec-
trode body. The discharge will apparently die out if ESD is the only
source of gas in the discharge region. Let us briefly consider the
development of discharge from the standpoint of gas and vapor yield.
The problem is rather complex, and the accuracy of current estima-
tions is restricted by the order of magnitude. To give some numerical
values, a particular case of breakdown initiation is considered. Say,
for instance, f == 150 MHz, Es == 20 MeV/m, e== 5.1013 cm- l (Figure 4).
At the initial stage of discharge the anode surface is bombarded by
fast neutrals, ions, and electrons, which are generated via ionization
and charge exchange. Numerically obtained energy distribution of
particles incident on the electrode is shown in Figure 6. The density
of impacting neutrals in exceeds the ion and electron densities by the
order of magnitude; the average energy of neutrals Wn is about a
half of maximum ion energy: Wn ~ q2E;/41r2f2M~ 1.3keV. The
value of in can be estimated in terms of their average velocity Vn ==
qEs/ V21rfM and time-dependent average concentration nn (t) near
the anoc1e. nn (t) is approximately 6 times larger than average ion
concenttation nj(t):
(15)
Effective ranges of neutrals in the oxide copper film dn are about
several nm that is much less than a diffusion length of thermal field
dt == viTbAt/pc at the duration of bombardment Tb of about 1 JlS.
Disregarding the effect of "focusing collisions" and assuming that




FIGURE 6 Energy distribution '!J(W) of ions (dashed line), electrons (dot-dashed
line) and neutrals (solid line) impinging on the anode over a certain period oftime.
distribution function of impinging particles remains constant, the
temperature of anode surface can be estimated by31
The temperature T1im of intensive copper oxide dissociation is as
high as 1150 K. 15 Substituting numerical values into Eq. (16) one can
obtain that the discharge is picked up through the dissociation of
copper oxide if
(17)
This is a space-charge dominated region of ion concentration as
regards charged particle dynamics. The actual value of ni(t) tends to
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increase by ionization and decrease through the expansion of ion
"swarm" by the action 'of RF electric and space charge fields; at
ni(t) > 1014 cm-3 space charge field predominates. The increment of
ionization strongly depends on Es, and one can determine the limit
value of Es at which the RF discharge initiates, but does not develop.
This is of great practical importance from the standpoint of erosion-
free RF processing.
The duration of breakdown development Ibr is determined by the
delay time of desorption with respect to the start of electron bombard-
ment, which can be evaluated as Rbi Vrms , and by the rate of ion accu-
mulation. It may be taken that the ion density increases about e times
in several periods of oscillation. As the primary plasma density is
about 105-107 cm-3, it takes several hundred periods to reach the ion
density at which the discharge is picked up and maintained with a
practically infinite source of ionized milieu. At any rate Ibr does not
exceed a few JlS.
5 ANALYTICAL CRITERION FOR BREAKDOWN FIELD
Let us approximate gas concentration in the region by step function
n(z) = { ~o for z ::; H,for z 2: H,
where no rv ~/Ra, and H rv Rb. The values of no and H can be founded
empirically.
The condition of cumulative ionization may be deduced from the
equation of balance on particles in the discharge region. Since charge-
exchange reactions predominate at practical electric fields, most ioniza-
tions are due to neutral particle impact. The set of relevant equations
have the following form:
rvmax I rvmax
N io noO"dn(v)vdv> H io Ji(v)vdv,
rvmax N rvmax
I io nOO"exJi(v)vdv> H io fn(v)vdv,
(18)
(19)
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whereflv) andfn(v) are distribution functions by velocity v of ions and
neutrals, respectively; Vmax is the maximum velocity; I, N are the total
number of ions and neutrals in the discharge region, respectively. Left-
hand sides of Eqs. (18) and (19) describe generation of particles, right-
hand sides describe their escape. According to Ref. [27], ai rv v3; aex is
practically independent of v.29
The combination of Eqs. (18) and (19) gives
where Qle is defined from ai == QleV3.
The maximum velocity of the particle Vmax rv Elf (Eq. (10)). Je obeys
the modified Fauler-Nordheim equation (1): Je rv E 2 .5 exp(-klE), and
from Eq. (8) no rv Je . Hence no rv E 2.5 exp(-klE). Let us denote the field
at which expression (20) 'becomes the equality as breakdown field Ebr-




The form of Eq. (22) is very close to the Kilpatrick criterion (2).
Thus one may conclude the practical criterion for precisely treated
electrodes (the case of low ~) should be in the form of Eq. (2) but
with somewhat different numerical coefficients.
As it can be seen from Figure 5, the breakdown field is practically
independent of ~ at high ~. The lower value of Ebr corresponding to
the case may be the rather universal parameter indicating the electric
field boundary below which the RF breakdown does not occur, even
at draft electrode finishing. In this case no is independent of Ebr- But
no rv Rt;2, and HrvR b . As far as R b rvg1/2 rvf-l/2, from Eq. (20) one
can obtain the relationship between breakdown field boundary and
the frequency

















FIGURE 7 The comparison of calculated lower field boundary (solid line) and
Kilpatrick criterion for field boundary Ekp (dashed line).
Such relationship is also supported by numerical results. It is seen
from Figure 7, which displays the data for lower field boundary bor-
rowed from Figure 5.
It is of interest to compare the calculated data with Kilpatrick cri-
terion. The' Kilpatrick empirical criterion12 also gives the electric field
boundary Ekp below which the breakdown is unlikely. It can be seen
from Figure 7 that the curves practically coincide at low frequency (up
to 300 MHz), but at higher frequency the calculated field is greater.
It conforms with some experiments.S,S,10 But it should be noted that
the Kilpatrick criterion concerns electrodes without any special pre-
paration and technical vacuum (i.e., oil pumping). On the other hand,
the current simulation was carried out for oil-free electrodes. The colli-
sion cross-sections for oxygen molecules are lower than cross-sections
for carbon-hydrate molecules. It is evident from Eq. (20) that Ebr in-
creases with decrease of collision cross-sections. Therefore, the break-
down field is higher for oil-free electrodes.
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The study allows one to come to the conclusion that the RF break-
down initiation may be due to ionization processes in the vicinity of
anode. The field-emitted electrons induce gas desorption and give rise
to primary ionization. But the secondary ions and fast neutrals play
the major role in RF breakdown initiation. Being accelerated by RF
electric field, they produce avalanche gas ionization. The given model
is consistent with above-mentioned basic characteristics of RF break-
down, namely:
(1) Dark current. The calculated value of pre-breakdown current is
about several dozens rnA.
(2) Sparking. Spark is the lighting of molecules of desorbed gas ex-
cited by electron impact. The cross-section of molecule excitation up
to the optically permitted level 0"* can be evaluated by Drawin equa-
tion. 32 At the typical beam energy of several hundred keY it gives
about 10-19 cm2. As far as the duration of lighting of excited atoms
and molecules is in the order of 10-8 s, their spatial distribution is
close to the spatial distribution of desorbed gas, and the region of
lighting is situated in the proximity with anode surface. The intensity
of photon emission /w due to the electron beam can be estimated as
I I"..J J~O"*Kdes\II - 2 2 .q R b Vrms
For the data in Figure 4, the value of /w converted to the luminance
is about 103-104 nt. This glowing is well visible with the unaided eye.
If sparking does not pass into the breakdown, the degassing and
cleaning of the electrode without erosion (RF processing) occur. The
ESD yield decreases, and, as a consequence, breakdown electric field
grows. After RF processing the level of dark current at given Es
slightly changes as far as significant destruction of field-electron emis-
sion centers does not occur.
(3) Electric field configuration. The breakdown originates near the
anode surface; therefore, the electric stability of accelerating cells
with various configurations is determined by the surface field E s, and
the breakdown surface field Ebr weakly depends on gap length, as it
can be seen from Figure 5 (note that g I"..J R~).
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(4) Influence offrequeitcy. For precisely treated electrodes, the rela-
tionship between the breakdown electric field and frequency is close
by form to the Kilpatrick criterion.
(5) Effect of magnetic field. The weak magnetic field has a slight
influence on electron beam dynamics, and hence on the initiation of
RF breakdown. Solenoidal magnetic field promotes keeping of charge
particles in transverse direction in the area of ionization. It can result
in reduction of breakdown field. A strong transverse magnetic field is
favorable to increase breakdown field by the electron beam expan-
sion on the anode, or it can result in transition to a mode of magnetic
insulation14 in the accelerating cell, when the anodic mechanism of
breakdown cannot take place.
(6) Electrode finishing. Pollution may cause the growth of field-
emission current Je (through alien inclusions with low work function)
or increase of ESD yield K des . All that decreases the breakdown field.
The erosion-free RF processing occurs when the sparking is self-
suppressed through depletion of the gas at the initial stage. Otherwise,
the RF discharge can be picked up when impacting particles cause
enough electrode heating for intensive evaporation of electrode mate-
rial. This gives an inexhaustible source of ionized medium promoting
for the RF discharge to pass into the breakdown.
The given model of breakdown initiation concerns the pulse mode
of operation and the meter-decimeter wave band. However, one can
study a more general model including space charge and electrode
heating effects. The model could be extended to the cw mode of opera-
tion and enable to simulate the process until arc formation. It could
give some practical recommendations concerning, for instance, the
regime of erosion-free RF processing and "memory" of electrode about
breakdown. But besides updating of the computer program to a 2D
code, a great body of information on the subsurface and ion-mole-
cules processes is required. So the author hopes that the given work
may give a new turn to study the phenomena involved in the RF
breakdown in vacuum.
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